Abstract-A 512 512 CMOS active pixel sensor (APS) was designed and fabricated in a standard 0.5-m technology. The radiation tolerance of the sensor has been evaluated with Co-60 and proton irradiation with proton energies ranging from 11.7 to 59 MeV. The most pronounced radiation effect is the increase of the dark current. However, the total ionizing dose-induced dark current increase is orders of magnitude smaller than in standard devices. It behaves logarithmically with dose and anneals at room temperature. The dark current increase due to proton displacement damage is explained in terms of the nonionizing energy loss of the protons. The fixed pattern noise does not increase with total ionizing dose. Responsivity changes are observed after Co-60 and proton irradiation, but a definitive cause has not yet been established.
I. INTRODUCTION

R
ECENT developments in CMOS active pixel sensors (APSs) indicate that CMOS imagers have reached or even exceeded the performance level of CCDs in several domains. They possess a number of advantages such as simpler driving requirements and low power operation. CCDs require nonstandard processing modules and overlapping polysilicon layers, which makes this technology expensive and exclusive. CMOS image sensors can be processed in standard CMOS technologies and the potential of on-chip integration of analog and digital circuitry makes them more suitable for vision systems where system cost is of importance. Moreover, CMOS imagers can directly benefit from ongoing technological progress in the field of CMOS technologies (e.g., smaller feature dimensions and low-power design).
Due to these advantages, CMOS APSs have become feasible alternatives for CCDs in many applications. CCDs as well as CMOS APSs are very sensitive analog devices, and often signals as low as a few tens of electrons have to be detected. This makes them vulnerable to the effects of radiation, e.g., in the natural space environment. In this environment, a detector will be bombarded by electrons and protons that exist in the earth's trapped radiation belts. Part of these particles is absorbed by spacecraft and shielding materials but produce gamma ray dose due to bremsstrahlung. In addition, there can be exposure to heavy ions from cosmic rays. Solid-state optical sensors are widely used in the space environment for a varied range of applications. These applications include robotic and navigation cameras, imagers for astronomy and earth observation, star trackers, and tracking sensors (e.g., for laser communications) in satellite constellations, lander and rover imagers. Although many books and papers have been devoted to the effects of radiation on CMOS and other technologies [1] - [4] , very little is known about the sensitivity of CMOS APSs to radiation. They are, however, generally believed to possess a higher radiation tolerance than their CCD counterparts. The radiation tolerance of CCDs for various radiation sources is described quite extensively in the literature [1] , [2] , [5] - [7] . Although advances in manufacturing technology of CCDs have enabled the production of devices with a relatively high tolerance for total ionizing doses in terms of device failure, their performance can sometimes be degraded at much lower levels. The required performance may even be lost more quickly when the damage caused by energetic protons is considered. Displacement damage can produce dark current generating states in both CCDs and CMOS APSs. However, as CMOS APSs require only one charge transfer for signal readout, they are insensitive to CCD-like charge transfer losses caused by displacement damage. The latter argument is typically used to attribute a higher radiation tolerance to CMOS APSs. The total dose tolerance of most commercial CMOS APSs is, however, limited to 100 up to 500 Gy(Si) [10 to 50 krad(Si)] because of excessive dark current increase or complete failure [8] - [12] . This paper discusses mainly the radiation-induced dark current increase in a sensor developed by FillFactory for laser tracking and sun-sensing applications. It has been designed for enhanced ionizing radiation tolerance using radiation-hardening layout techniques [8] , [13] and manufactured in the standard 0.5-m Alcatel Microelectronics technology.
II. EXPERIMENTAL DETAILS
The STAR-250 sensors have a resolution of 512 512 pixels with 25-m pixel pitch. They use n-well/p-substrate junctions as photodiodes [14] . Fig. 1 shows a photograph of a die. The sensor has on-chip circuitry to perform double sampling to reduce the fixed pattern noise (FPN) [15] and a 10-b analog-to-digital converter (ADC) as well. The maximum frame rate at the output of the ADC is 30 full frames/s. Higher readout rates are possible at the analog output or by definition of a smaller window through the programmable shift registers. The mean dark current before irradiation was approximately 200 pA/cm at 27 C. Table I summarizes the most important electro-optical characteristics of the devices. The devices have been irradiated with Co-60 gamma rays up to 102 kGy(Si) (10.2 Mrad(Si)) and protons of 11.7, 23, and 59 MeV. They experienced fluences up to 1 10 , 3 10 , and 1 10 protons/cm at each energy. The proton irradiation was performed at the Cyclotron Research Center in Louvain-la-Neuve, UCL, Belgium. Dosimetry was carried out by staff of the radiation facility and is considered to be accurate to better than 5%. The measurements that are shown in this paper were performed approximately two weeks after the proton irradiation. A more restricted number of measurements within 24 h after irradiation show that in these two weeks no significant changes had occurred. During the Co-60 irradiation, the image sensors were biased. The proton irradiations were performed on unbiased devices. Fig. 2 shows the active pixel configuration and operation principle. The pixel contains a reset switch, a photodiode, a source follower, and a selection switch. The capacitance of the photodiode determines the sensitivity of the pixel. The smaller the capacitance, the higher the voltage swing for each collected charge. When a reset pulse is applied, the photodiode capacitance is charged to a known value (limited by the threshold voltage of the reset transistor). The integration starts when the reset transistor is switched off. During integration, the photocurrent discharges the capacitance of the photodiode node. Finally, the value is read out through the source follower and the selection transistor. Even when the sensor is shielded from the light, a small voltage drop can be observed due to the photodiode leakage current. To increase the radiation tolerance of the pixels, the nMOS transistors are guarded with -doped rings to prevent leakage currents between devices [13] . The dark voltage signals were obtained from an arbitrary window by subtraction of two dark images, one with a long integration time and one with a short integration time, to exclude the remaining FPN. The temporal noise component can be neglected, taking into account the integration times that have been used here to calculate the dark voltage signal. The measurements of the dark voltage signals were converted to dark current densities using the conversion gain of the sensors (the pre-irradiation value), the integration time, and pixel area. The integration time of the image with the longest integration time was chosen in such way as to obtain a dark current distribution that was well in the linear range of the sensor (i.e., the highest dark current spikes have values of at most 70% of the saturation charge). Fig. 3 shows the dark current density increase measured on two sensors as a function of the total ionizing dose. The measurements of the dark current density increase are plotted on a logarithmic total ionizing dose axis.
III. RESULTS
A. Ionizing Radiation-Induced Dark Current Increase
Contrary to the large dark current increase seen in standard CMOS APSs, the dark current in the STAR-250 devices shows a much smaller and logarithmic increase. The dark current increase due to total ionizing dose damage can be fitted with the empirical formula (1) where TID is the total ionizing dose, is a total ionizing dose threshold, and is a proportionality factor that gives the dark current density increase per decade nA/cm dec . The fitted curve is shown in Fig. 3 as well with Gy and nA/cm dec. We introduced a total ionizing dose threshold since all measurements of dark current on these sensors indicate that the dark current does not increase or even slightly decreases prior to a particular total ionizing dose threshold. Fig. 3 gives also a comparison with the dark current measured in a sensor that was designed with standard layout techniques. At 0.1 kGy, the dark current increase is about 5 nA/cm . At 0.15 kGy, the mean dark current density increase in that sensor exceeds 25 nA/cm . The dark current increase in the STAR-250 device is also smaller than in the Fig. 3 . Measured dark current density increase versus the logarithm of the total ionizing dose (sensor A and B) (dose rate: 100 Gy(Si)/h). The TID is the total ionizing dose threshold that is necessary to observe a dark current increase.
K gives the dark current density increase per decade (nA/cm =dec)). The dark current increase measured in a standard sensor is shown as well (all at 27 C).
radiation-hardened sensor in [16] where a rate of linear dark current increase of about 1-2 pA/cm krad(Si) is reported.
There are several reasons for the logarithmic behavior of the dark current increase in STAR-250 pixels induced by ionizing radiation. The increase is primarily caused by the flatband and threshold voltage shifts resulting from the build-up of positive charges in the field oxide. This gives rise to an extension of the space charge region at the Si/SiO interface and an increase of the surface generation current when a certain amount of charges is trapped in the oxides. The sublinear build-up of interface traps or the appearance of characteristic radiation peaks can play an additional role but are assumed not to be essential for the explanation of a sublinear dark current increase [8] , [13] . We also observe a decrease of the dark current after irradiation although it is known that the build-up of interface traps can continue after the irradiation has been stopped. Annealing of the dark current during the irradiation, which was carried out at a dose rate of 100 Gy(Si)/h, can be a third explanation. Fig. 4 illustrates the annealing behavior of the dark current density measured on two sensors (B and C) that have been irradiated up to a total ionizing dose of 102 kGy(Si) and 1.66 kGy(Si). In the figure, it is seen that the dark current decreases logarithmically with time after irradiation. The fit that is shown in Fig. 4 is given by (2) where is the time after irradiation (in seconds), is a constant that can theoretically be viewed as the dark current increase one second after the irradiation, and is a constant that determines the annealing rate (in nA/cm per decade). Note that in practice we could not measure the dark current increase immediately after irradiation. On the average, the different devices that were simultaneously irradiated and tested were measured approximately within 30 min. Testing some devices twice during this period showed that the dark current was relatively stable and that no significant annealing occurred in this period of and A, respectively. The logarithmic decrease of the dark current is due to the annealing of holes trapped in the oxides at the collecting junction by the so-called tunnel anneal [2] , [17] . The depth from the Si/SiO interface up to which the hole traps are emptied increases logarithmically with time as a consequence of the exponential decay of the tunneling probability with distance into the SiO . For a uniform distribution of trapped holes in the oxide and distances much smaller than the oxide thickness, the decrease of the flatband and threshold voltage shifts (and thus an increase of these voltages) is proportional to this depth and, consequently, the voltages increase as . In the particular case of the dark current in the pixels, the situation is fairly complicated since the dark current is determined by the behavior of an oxide of varying thickness. The radiation-induced hole trap density and associated anneal rate can therefore differ considerably along the oxide interface. An additional aspect of the hole anneal is that it can depend on the electric field in the oxide as well [2] . The anneal rate, given by A in (2), is larger for sensor B that was irradiated to the highest total ionizing dose. This is clearly to be expected since the anneal rate should approach zero as the amount of charge left to be removed approaches zero.
B. FPN
If not corrected for, APSs exhibit a significant FPN arising from threshold voltage and capacitance variations in the pixels. This FPN is usually reduced by application of a double sampling technique in the column amplifiers (as in Fig. 2) . In STAR-250, we implemented a new technique that is based on the readout of both the signal level and the reset level of the pixel through exactly the same signal path. After selection of a row, the pixel signals after integration and after reset are sampled on two capacitors. During row readout, the column amplifier multiplexes these signals on two readout busses through the same amplifier. One bus carries the reset level of the pixel and the other bus carries the light information. The differential signal produces the image information, free of pixel or column offsets (for a complete description, see [15] ). Since ionizing radiation causes transistor threshold voltage shifts, the FPN correction scheme has to take care that a shift in threshold voltage does not influence the performance of the image sensor to a large extent. Fig. 5 shows the FPN as a function of the total ionizing dose for three different sensors. These values are measured on the whole pixel array. These measurements show that there is no increase in FPN with ionizing radiation and that-if the variations between the pixels would be enhanced due to the radiation-the variations are still cancelled out to a large extent by the column amplifiers. The remaining FPN is measured to be well below 0.4% of full well for the whole array. If the FPN is measured locally on 10 10 windows, its value is 0.07% (1.2 mV).
C. Dark Current Increase Due to Displacement Damage
When energetic electrons, protons, heavy ions, and neutrons pass through the sensor, there is a possibility of collisions with silicon lattice atoms in the bulk epitaxial layer. In these collisions, atoms can be displaced from their lattice sites and defects are formed. These resulting defects can give rise to states with energy levels within the forbidden bandgap. Increased dark current density is therefore one of the prominent consequences of bulk displacement. The particle energy that is given to non-ionizing interactions including displacement damage is called the nonionizing energy loss (NIEL).
The basic interactions considered in the calculation of the energy dependence of the dark current increase due to proton-induced displacement damage are Coulombic, nuclear elastic and nuclear inelastic scattering. The average proton-induced dark current increase can be expressed as (3) where is the damage factor that gives the dark current increase (in nA/cm ) per MeV of nonionizing energy deposited in the lattice at 27 C. and are the mean damage energies imparted by the protons in an elastic and inelastic interaction, respectively [18] - [20] . The number of elastic interactions and inelastic interactions are the product of the incident particle fluence (in protons/cm ), the average corresponding cross sections and (in cm ), and the number of silicon atoms in the sensitive volume. From the layout of the pixels and simulations, the sensitive volume is estimated to be 130 m . This sensitive volume is the total depleted region within the pixel that is principally the region where dark signal is generated. The mean dark current increase is thus given by (4) where is Avogadro's number, is the atomic weight, and is the density of silicon (2.32 g/cm ). From the definition of NIEL, this can be written as (5) Fig. 6 shows the measured mean dark current increase versus the NIEL value at the different proton energies and after a fluence of 1 10 protons/cm . In accordance with (5), the dark current increase is seen to be proportional to the NIEL of the incident protons. The contribution of the total ionizing dose to the dark current increase is small here, since the devices were left unbiased during the proton irradiation. To obtain the dark current distribution of a whole array (the pixel-to-pixel variations), knowledge of the recoil damage spectra associated with the NIEL calculation is required. We described the calculation of the distribution using the variance in damage energy of the elastic and inelastic interactions elsewhere [13] , [21] . These values can be obtained from Monte Carlo simulations [22] or calculations using the microdosimetry formalism developed by Burke et al. [18] - [20] , [23] . The best fit for all the distributions of the dark current density increase at different fluences and energies is given assuming a damage factor of 0.5 nA/cm per MeV of nonionizing energy deposited in the lattice at 27 C.
An additional effect that has to be taken into account in the calculation of the dark current increase is field-enhanced emission. When the electric field at the proton-induced defect is large, the generation rate from that defect can be enhanced [9] , [13] . The final distribution of the dark current density increase can be obtained by weighing and summing several distributions according to the electric field distribution [20] . Field enhancement plays a role in the STAR-250 devices and results in a mean dark current density increase that is slightly nonlinear with the fluence and about two times larger compared to the situation without field enhancement. Fig. 7 illustrates the effect of the field enhancement. The figure shows the mean dark current density increase measured on nine devices, together with the simulated curves. The solid lines indicate the simulation results including the field enhancement effect, and the dashed lines give the simulated values with omission of the field enhancement effect. Fig. 8 shows the dark current density of the pixels in one row of the device that has been irradiated with 1 10 11.7 MeV protons/cm . The sensor was partially shielded during irradiation using a strip of aluminum (2 mm thick) to provide a reference window. Fig. 9 gives the measured and simulated histograms of the dark current density increase of three devices irradiated with 11.7-MeV protons up to different fluences. The tail is mainly caused by field-enhanced emission from proton-induced defects that reside in high electric field regions. Further evidence that field enhancement is taking place comes from the temperature behavior of the dark current. The activation energy Fig. 9 . Measured and simulated histograms of the dark current density increase at 27 C for three STAR-250 devices irradiated with 11.7-MeV protons and after varying fluence. The tail is mainly due to field-enhanced emission from proton-induced defects.
of the mean dark current is approximately 0.64 eV, consistent with a bulk generation current dominated dark current. The pixels with higher dark current density exhibit apparently a lower activation energy [13] .
During the study and calculation of the dark current density distributions of the proton-irradiated devices, it has been discovered that some pixels show temporal fluctuations in the dark current. The dark current switches between two levels with random times in each state, but with the mean times in each state being constant for a given temperature. This behavior gives the appearance of a random telegraph signal (RTS). Fig. 10 shows dark current density traces of three pixels for the sensor irradiated with 1 10 11.7 MeV protons/cm . The dependence of the occurrence on proton fluence and energy, RTS amplitude, characteristic time constants, and possible mechanisms are discussed in more detail in [24] . It is shown that the fluctuation amplitudes are not correlated with the dark current pedestal. Most RTS pixels show transitions smaller than 0.1 nA/cm , but values as high as 0.6 nA/cm have been observed. This is appreciably larger than would be expected from a single bulk defect and indicates that a generation enhancement mechanism is active in conjunction with the switching defect. Fig. 11 shows a resolution chart image taken with the same device as in Fig. 8 . The shielded part in the image is slightly brighter, indicating that the responsivity is decreased after irradiation. The scene was illuminated with a white light source and the images were taken with an integration time of 22.65 ms. Dark current spikes cannot be observed yet in this short integration period.
D. Proton-Induced Change of the Pixel Responsivity
A similar change in responsivity was observed in Co-60 irradiated devices. The decrease can be due to several causes like an increased recombination of photo-generated charges at the surface or in the bulk (in case of displacement damage), a change of the optical properties of the covering dielectric layers, a decrease of the conversion gain due to voltage shifts and capacitance changes in the pixels, etc. Flat field illumination measurements immediately after the irradiation indicate a wavelength dependence of the decrease in the range of 0 to 20% of the pre-irradiation value. A definite cause has not yet been established. Further work is also needed to investigate whether the observed decrease of responsivity anneals out. 
IV. CONCLUSION
The dark current in the STAR-250 sensor exhibits a small logarithmic increase with total ionizing dose, contrary to the fast and exponential increase of the dark current observed in several standard CMOS image sensors. The dark current density increase is less than 1.5 nA/cm after more than 100 kGy from a Co-60 source. This value has to be compared with values obtained in "standard" sensors. At 0.1 kGy, the mean dark current density increase exceeds usually 10 nA/cm . The radiation tolerance is therefore improved by more than three orders of magnitude. While standard sensors are mostly seen to fail completely after less than 0.5 kGy, the operation of the STAR-250 is not limited to 100 kGy.
A new type of correction technique in the column amplifiers reduces the fixed pattern noise in the STAR-250 sensor. Measurements on irradiated devices have illustrated that the remaining FPN does not increase with total ionizing dose.
Energetic particles can displace atoms from their lattice sites and give rise to defects in the bandgap of silicon. This will increase the dark current. Analysis of the dark current density distributions shows that the mean dark current increase and the dark current nonuniformity can be correlated on the basis of the nonionizing energy loss imparted by a particle in elastic and inelastic collisions. The correlation between resulting displacement damage and NIEL allows an extrapolation to other particles and different energies. Field-enhanced emission is an additional effect that has to be taken into account in the studied devices. Simulations indicate that this effect can be reduced in future devices by changing the doping profile of the photodiode junction. Part of the pixels are found to exhibit RTS behavior, as also occurs in CCDs irradiated with energetic particles. The problem of a decrease of the charge transfer efficiency in CCDs due to total dose or displacement damage is evidently absent in CMOS APS.
The cause for the responsivity decrease is not fully understood at this time. Future work will establish the wavelength dependence and annealing behavior of the responsivity change.
